In a recent study we showed that a high proportion of normal healthy Thais have neutralizing antibodies to ZIKV, and that neutralization of ZIKV does not apparently arise from cross neutralization from prior DENV infection 8 . Neutralization arises through antibodies recognizing the virion and either blocking attachment or membrane fusion 9 , and while antibodies raised against the structural proteins is the main antigenic response to infection, antibodies are also generated against the flavivirus NS1 protein 10 .
1
. A number of mosquito transmitted human pathogenic viruses are members of the Flavivirus genus including dengue virus (DENV), Japanese encephalitis virus (JEV), yellow fever virus, West Nile virus, St. Louis encephalitis virus and Zika virus (ZIKV).
ZIKV was first isolated from a sentinel rhesus monkey in 1947 in Zika forest, Uganda, and was subsequently isolated from Aedes africanus mosquitoes the following year 2 . A second lineage of ZIKV, an Asian lineage, was discovered in Aedes aegypti mosquitoes in Malaysia in 1966 3 . Despite the apparent wide distribution of ZIKV in Africa and Asia only a handful of cases of human infection were reported prior to 2007 (as reviewed elsewhere 4 ). The Asian lineage ZIKV emerged in Micronesia in 2007 and again in French Polynesia in 2013 from where the virus was subsequently transmitted to many countries around the world. However, while the introduction of ZIKV into many countries was followed by epidemic outbreaks, Southeast Asia has seen remarkably few cases (as reviewed elsewhere 5 ). Clear evidence has shown that ZIKV has circulated in Thailand since as early as 2006 6 , but only around 2,000 cases of ZIKF have been reported in that time, with the majority being reported over the last 2 years 7 .
In a recent study we showed that a high proportion of normal healthy Thais have neutralizing antibodies to ZIKV, and that neutralization of ZIKV does not apparently arise from cross neutralization from prior DENV infection 8 . Neutralization arises through antibodies recognizing the virion and either blocking attachment or membrane fusion 9 , and while antibodies raised against the structural proteins is the main antigenic response to infection, antibodies are also generated against the flavivirus NS1 protein NS1 is a non-structural glycoprotein that is highly conserved among flaviviruses. Its molecular weight ranges from 46-55 kDa depending on the glycosylation status 11 . This protein is initially translated as part of the viral polyprotein, and cleavage from the polyprotein gives rise to NS1 monomers in the ER lumen followed by N-linked glycosylation. NS1 forms homodimers associated with the ER-lumen and organelle membranes 11 , but additionally membrane bound NS1 is transported to the plasma membrane or fuses with the trans-Golgi network where it undergoes to maturation and modification and is released from infected cells as a soluble hexamer 12 . NS1 can be detected in patient serum [13] [14] [15] , which has been applied to diagnosis of DENV 16 and ZIKV 17 infection. Although the function of NS1 remains to be fully elucidated, evidence suggests that the NS1 dimer is required for viral replication while surface associated and secreted NS1 proteins are highly immunogenic and play an important role in immune invasive and pathogenesis by interacting with the host immune system during virus infection 11 . To further understand the immune status of Thais with regards to ZIKV infection, this study sought to investigate the presence of ZIKV NS1 antibodies in serum samples from normal healthy Thais that had previously been extensively characterized for the presence or absence of ZIKV, DENV and JEV neutralizing antibodies 8 . Using a solid matrix western blotting system, anti-NS1 protein antibodies were investigated in 30 samples with no ZIKV neutralization, and 30 samples with high levels (plaque reduction neutralization test (PRNT 90 ≥ 20) of ZIKV neutralization. Because of the well documented evidence of cross-neutralizing antibodies generated by Flavivirus infections 18 , we selected samples that either had no anti-ZIKV NS1 antibodies (namely PRNT 90 < 20) or had a highly robust value for PRNT (namely PRNT 90 ≥ 20) . This means that a 20 fold dilution of human sera will reduce the input virus by 90% or greater. In contrast, many authors use a value of PRNT50 ≥ 10 (a tenfold dilution of serum neutralizes 50% of the input virus) for defining the presence of neutralizing antibodies [19] [20] [21] . However, the WHO criteria for DENV suggest that a value of PRNT90 ≥ 20 allows sufficient discrimination between specific neutralization and cross neutralization 22 . Significantly, in our study anti-ZIKV NS1 antibodies were only found in samples with high levels (PRNT90 ≥ 20) of ZIKV neutralizing antibodies, and anti-ZIKV NS1 antibodies were absent in samples with no ZIKV neutralizing antibodies.
Materials and Methods
Serum samples. The study was approved by the Mahidol University Central Institutional Review Board (Number: COA No. MU-CIRB 2017/067.2404) and was conducted in accordance with the ethical standards as laid down in the 1964 Declaration of Helsinki and its later amendments. Serum samples consisted of 60 serum samples obtained from healthy Thais, recruited through advertisement at the Institute of Molecular Biosciences, Mahidol University Thailand, after written informed consent and characterized for neutralizing antibodies to DENV 1-4, JEV and ZIKV as previously described 8 . Two additional control samples (one diagnosed ZIKV positive and five flavivirus naïve), again as previously described 8 were included in this study. The sixty serum samples selected from the previous cohort 8 Antigen production. Baby hamster kidney cells (BHK-21; ATCC Cat no. CCL-10) were seeded onto 10 cm 3 dishes in Dulbecco's Modified Eagle's Medium (DMEM; Gibco, Invitrogen, Carlsbad, CA) supplemented with 10% heat inactivated fetal bovine serum (FBS; Gibco, Invitrogen) and 100 unit/mL of penicillin/streptomycin (Gibco, Invitrogen). Cells were grown at 37 °C with 5% CO 2 for overnight. Confluent cells were infected with ZIKV (strain SV0010/15), JEV (strain Beijing-1), DENV 1 (strain 16007), DENV 2 (strain 16681), DENV 3 (strain 16562) and DENV 4 (strain 1036). Infected cells were maintained in Opti-MEM Reduced Serum Medium (Gibco, Invitrogen) at 37 °C with 5% CO 2 . BHK-21 cells incubated with virus free Opti-MEM was used as a Immunoblot analysis. Supernatants from viral infections or mock infections were mixed with 5X non-reducing loading dye (0.3 M Tris-HCl pH 6.8, 5% SDS, 50% glycerol, 0.015% bromophenol blue) and either www.nature.com/scientificreports www.nature.com/scientificreports/ boiled or not boiled before proteins were separated by electrophoresis through 10% SDS-polyacrylamide gels. Proteins were transferred onto 0.2 μm nitrocellulose membranes (GE Healthcare Life Sciences, Chicago, Il) and membranes were blocked with 5% skimmed milk in 1X TBS containing 0.5% tween for 30 min. For validation of NS1 protein expression, membranes were incubated either with a rabbit polyclonal anti-ZIKV NS1 antibody (GTX133307, GeneTex Inc., Irvine, CA), a rabbit polyclonal anti-ZIKV envelope protein antibody (GTX133326, GeneTex Inc.), a rabbit polyclonal anti-DENV 2 NS1 antibody (PA5-27885, Thermo Fisher Scientific, Rockford, IL), a pan specific anti-flavivirus envelope protein monoclonal antibody (purified in house from hybridoma HB112 23 ) in 5% skimmed milk for overnight or an appropriate dilution of human serum in 5% skimmed milk for 1 h. The excess primary antibodies or human serum was removed and membranes were Table 1 . Summary of detection of NS1 antibodies and correlation with PRNT titer in ZIKV neutralizing antibody negative (PRNT 90 < 20) serum samples. Band intensities were quantitated using ImageJ software and signals are displayed as a heat map. White color represents no signal while yellow to dark red represent intensity from low to highest intensity. Comparisons are only valid within a serum sample. The numbers represent neutralizing antibody titer of each serum as determined by plaque reduction neutralization test as reported previously 8 . PRNT 90 ≥ 20 was used as the cutoff.
subsequently incubated with an appropriate secondary antibody, namely either with a HRP conjugated goat anti-rabbit IgG (31460, Thermo Fisher Scientific), a HRP conjugated goat anti-mouse IgG (A5278, Sigma Aldrich, Saint Louis, Missouri) or a HRP conjugated goat anti-human IgG (62-8420, Thermo Fisher Scientific) for 1 h. Immunochemiluminescent signal was developed by using Luminata Forte Western HRP substrate (Merck, Darmstadt, Germany) and exposure to x-ray film.
Results
Antigen evaluation. To detect the presence of NS1 antibodies in selected serum from normal healthy Thais with known ZIKV PRNT status, a western immunoblot system was established using supernatant from infected BHK-21 cells, and specificity was determined. Results ( Fig. 1) showed that both ZIKV E and NS1 proteins were clearly detectable, but that both were migrating at approximately the same molecular weight (around 50 kDa). Human serum showed only one band in denatured samples, but two bands were clearly evident in non-denatured samples, with the lower band probably representing both E and NS1 proteins, while the upper band marked the position of NS1 dimers. Thus anti-NS1 antibodies can be specifically detected by the presence of the upper (dimeric) NS1 band.
To confirm specificity of the immunoblots, supernatant from BHK-21 cells infected with ZIKV, JEV or DENV 1-4 as appropriate, in parallel with supernatants obtained from mock infected cells were again separated by electrophoresis and transferred to solid matrix support before incubation with a pan-flavivirus E protein antibody, an anti-DENV 2 NS1 antibody, an anti-ZIKV E antibody or an anti-ZIKV NS1 antibody. Results (Fig. 2) showed that E protein antigen was present in all lanes of virus infection ( Fig. 2A) as detected by a pan-specific anti-flavivirus E protein antibody. We noted a band at approximately 75 kDa in the DENV 3 antigen lane ( Fig. 2A) the nature of which is unclear. An antibody to DENV 2 NS1 protein showed no cross reaction with other NS1 proteins (Fig. 2B) , similarly an anti-ZIKV NS1 protein antibody showed no cross reaction with other NS1 proteins (Fig. 2D) .
We next evaluated the ability of this system to detect specific NS1 antibodies in two human serum control samples. As reported elsewhere 8 these include a positive control serum from a diagnosed case of ZIKV infection (PRNT 90 ZIKV:1,280; JEV: 640; DENV 1: 160; DENV 2: 320; DENV 3: 160; DENV 4: 160) and a negative control serum from a flavivirus naïve donor (PRNT 90 ZIKV, JEV, DENV 1-4 all <20). Results (Fig. 3) showed close agreement with the PRNT data 8 . To confirm specificity a further 4 flavivirus naïve samples (PRNT 90 ZIKV, JEV, DENV 1-4 all <20) were also screened (Supplemental Figs S57-S60 and Supplemental Table 1 ). NS1 antibodies, (as evidenced by detection of the dimer) were found for ZIKV and DENV 1-4 for the positive control serum sample, and no immunoreactivity at all was seen in the negative control samples. Interestingly no JEV NS1 antibodies were observed in the JEV positive control sample (Fig. 3A) , although the serum showed a PRNT 90 = 640 8 . However, Thailand has a national JEV vaccination campaign that was introduced in 1990, and the vaccine originally introduced into the national routine immunization schedule was an inactivated mouse brain vaccine 24 , and thus, given the age of the donor (22 years of age) the sera is consistent in showing the presence of neutralizing antibodies but no NS1 antibodies. In light of this there was complete correlation between the PRNT data and the immunoblot data, suggesting that this is a suitable system in which to investigate the presence of ZIKV NS1 antibodies in human sera. Table file. Most noticeably, no antibodies to ZIKV NS1 were seen in the samples screened to be negative for ZIKV neutralizing antibodies (ZIKV PRNT 90 < 20). This is a 100% concordance between the PRNT data and the immunoblot data. ZIKV NS1 antibodies were detected in 21 of the 30 (70%) serum samples positive (ZIKV PRNT 90 ≥ 20) for ZIKV neutralizing antibodies. Thus, the presence of antibodies to ZIKV NS1 is highly correlated with the presence of ZIKV neutralizing antibodies (P < 0.00001; Table 3 ). JEV showed the lowest association, with anti-JEV NS1 antibodies being seen in only 9/27 samples with a positive JEV PRNT (JEV PRNT 90 ≥ 20), although the association was still statistically significant (P < 0.01; Table 3 ). Overall DENV concordance between the PRNT data and the NS1 antibody data varied widely (Table 3 ) most likely reflecting cross reactivity between antibodies directed against closely related DENV NS1 proteins.
Discussion
Zika virus is known to be widely distributed across Southeast Asia, with reports of recent infections in Southeast Asian countries including Thailand 25 , Vietnam 26 and Myanmar
27
, but there have been no large scale outbreaks of ZIKF. This situation is in stark contrast to other countries, where the introduction of ZIKV was followed by large epidemic outbreaks 28 . The history of the circulation of ZIKV in Southeast Asia remains unclear. While early serological studies suggested the circulation of ZIKV in Southeast Asia in the 1950s and early 1960s [29] [30] [31] [32] , the reliability of some of this data has recently been questioned 7 . However, the isolation of ZIKV from Aedes aegypti mosquitoes in Malaysia 3 definitively places ZIKV in Southeast Asia in the mid 1960s. The continued circulation of ZIKV in Southeast Asia can be inferred from a recent report of ZIKV isolated from a Thai specimen taken in 2006 6 and the 2007 ZIKF outbreak in Yap State, Micronesia 33 which was caused by an Asian lineage ZIKV. Three years later in 2010 ZIKV was detected in a patient in Cambodia 34 and a retrospective analysis in Thailand identified cases of ZIKV infection occurring in 2012 35 . In the same year one case of ZIKF was identified in Philippines 36 . Thus, scattered cases of ZIKV infection have been reported over much of Southeast Asia for more than a decade. The significant question is therefore why ZIKV causes so few cases in Southeast Asia, while causing large epidemic www.nature.com/scientificreports www.nature.com/scientificreports/ outbreak when introduced to other countries and territories. Current prevailing theories include changes in the virus which alter transmissibility or possibly pathogenicity 37 , or that some degree of immune protection is present in the population of Southeast Asia 8 . At least 4 mosquito transmitted flaviviruses circulate in Thailand, namely DENV 38 , JEV 39 , ZIKV 35 and Tembusu virus (TMUV) 40 . While this latter virus is generally considered to be an avian specific Flavivirus 41 , high levels of human seroconversion have been reported in duck industry workers in China 42 and this virus may play an as yet unrecognized role in Thailand. The antibody responses to these viruses can be highly cross reactive 18 , complicating the use of serology for sero-diagnosis 43 . In our recent study utilizing serum samples from 135 normal healthy Thais we showed that neutralizing antibodies to ZIKV are present at levels that are considered to be protective (PRNT 50 ≥ 10) in 70% of the samples, and that high levels of neutralizing antibodies (PRNT 90 ≥ 20) were found in nearly one quarter of the samples examined 8 . Importantly, no association was found between the presence of neutralizing antibodies to other Flaviviruses and the presence of ZIKV neutralizing antibodies 8 . This is consistent with a study that showed cross protection against ZIKV by anti-DENV antibodies generally waned by 6 months post infection 44 . Combined, these studies suggest that there may have been significantly greater levels of ZIKV infection in Thailand than has been previously recognized, and indeed this has recently been confirmed 45 .
To further explore this issue, this study sought to look for antibodies to NS1 in the same serum samples previously characterized for neutralizing antibodies to ZIKV, JEV and DENV 1 to 4 8 . Because both the Flavivirus E protein and NS1 protein have similar molecular weights (approximately 50 and 46-50 kDa respectively) we employed a solid matrix immunoblot system in which the proteins were not denatured by boiling or disulphide bridge reduction, and looked for the presence of the NS1 dimer. Remarkably, ZIKV NS1 antibodies were only found in samples with ZIKV neutralizing antibodies. No reactivity to ZIKV NS1 was found in samples without ZIKV neutralizing antibodies. This result shows a lack of cross reactivity between anti-DENV NS1 antibodies and ZIKV NS1, as there was clear evidence of antibodies to DENV NS1 proteins in majority of serum samples examined.
ZIKV antibodies that recognize the ZIKV dimer NS1 antigen are composed of antibodies to both the monomer and any specific for the dimer form. Although not designed to distinguish between these antibodies, four patient samples (S39, S89, S99, S103; Supplementary file 1) reacted only with the dimer, with no evidence of interaction with the monomer suggesting that antibodies capable of recognizing the dimer, or possibly the hexamer of NS1 may form a part of the response to ZIKV infection. Similarly, in nine cases no evidence of anti-ZIKV NS1 antibodies was seen, despite ZIKV PRNT 90 titers of ≥20. These cases could possibly indicate cross reaction from another flavivirus, and given the relatively apparent lack of cross reaction between ZIKV and DENV/JEV seen here, they might indicate the undetected circulation of yet another Flavivirus.
The specificity of the test used in this study was further confirmed by the very low correlation between JEV PRNT titers and the presence of anti-JEV NS1 antibodies. As noted, Thailand introduced a JEV vaccination campaign in the 1990s using an inactivated mouse brain purified virus 24 . As an inactivated virus vaccine, the immune response will be directed solely against structural proteins as no active replication (and hence no NS1 protein production) occurs. Interestingly however, some samples did show the presence of JEV NS1 specific antibodies, supporting the continued circulation of JEV in Thailand as has been reported by others 39 . However, two of the samples with anti-JEV NS1 antibodies were negative for JEV neutralizing antibodies, again possibly indicating the circulation of another unrecognized Flavivirus.
While studies have shown that the immune response to a flaviviral infection can last for many decades 46 , the length of time that antibodies to NS1 protein can be detected after infection remains poorly explored. One study has shown that anti-DENV NS1 antibodies can be detected for at least 3 years after infection 47 , while a second study has shown that the duration of seroconversion to seroreversion for JEV NS1 antibodies in subclinically infected humans is of the order of 4.2 years 48 . Given that this study looked at serum samples from normal healthy Thais, it suggests that anti-ZIKV antibodies may have a significantly longer time over which they may be detected.
Overall, this study shows the presence of anti-Zika virus antibodies in normal healthy Thai serum samples. Markedly, anti-ZIKV NS1 antibodies were found only in the serum samples able to neutralize ZIKV (PRNT 90 ≥ 20), suggesting that these antibodies have arisen as a consequence of natural infection, rather than through cross reaction. In our original study, nearly 25% of samples had ZIKV PRNT 90 ≥ 20 8 , again supporting that there has been significantly greater transmission of ZIKV in Thailand than has been previously thought. This could have occurred as a consequence of 80% of transmission being asymptomatic in humans 49 , as well as mild symptomatic cases being masked by the large number of cases of dengue fever occurring each year in Thailand 38 . Comparable studies in other countries in Southeast Asian countries may shed further light on the muted transmission of ZIKV in Southeast Asia.
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